Factors affecting in vitro ruminal bacterial VFA production were examined. Treatments consisted of high and low initial pH (6.7, 5.7), osmolality (600, 400 mOsm) and concentrations of acetic (40, 0 mM) and propionic acids (20, 0 mM). Response variables measured included the production of acetic, propionic and total VFA, total gas and methane. Initial pH affected (P < .05) most variables either independently or in combination with one or more of the other factors. Acetic acid production was reduced 40% (P = .03) when initial acetic acid concenlrations were 40 mM compared with 0 mM. Also, acetic acid production was less (P < .01) at low initial pH (5.7) than at high initial pH (6.7). Propionic acid production was greater (P = .05) at high vs low initial acetic acid concentrations. Propionic acid production was greater in response to low vs high initial osmolaiity, although the magnitude of this difference depended on initial pH (interaction P = .02). Total production of VFA was greater (P < .01) at high than at low initial pH; however, at low initial pH, no difference (P > .05) was observed due to initial osmolaiity, whereas at high pH, production was greater (interaction P = .04) for low than for high initial osmolality. The diminished production of total VFA at pH 5.7 occurred primarily due to reduced acetic acid production, although increased production of propionic and butyric acids was noted. Total gas production was grea~er (P < .01) at high vs low pH, although interactions due to other factors were observed. Methanogenesis was greater (P < .01) at high vs low pH; however, the difference was greater (interaction P = .02) at low vs high initial propionate concentrations. The most pronounced influence on production of microbial products in this study was due to pH; however, other environmental factors also were important.
Introduction
Short-chainVFA produced during the rumen's microbial fermentation of plant carbohydrates are used for energy by the host 1The efforts ofR. L. Bell for sampfing ruminal contents, T. J. Butine for preparation oflVl medium, F. B. Tesar for data entry and D. L. Allgaier for preparation of this report are l~ratefully acknowledged.
"Author to whom correspondence should be sent. animal. Acetic and propionic acids are most abundant and collectively account for approximately 90% of total ruminal VFA (Hungate, 1966) . Production of VFA is affected by the type and amount of plant material as well as by pH in the rumen (Kincaid et al., 1981; Van Soest, 1982; Shriver et al., 1986; Slyter, 1986) . Following production, these acids must be absorbed from the lumen of the gut into the animal to be available for use by animal tissues. Reduced absorptive function occurs when reduced pH and elevated lactic acid concentrations and osmolality exist simultaneously in the rumen (Gaebel et al., 1987) . Ruminal production of VFA results in the production of hydrogen ions and osmolactive intermediates as well as the acids themselves. The objective of this study was to examine the effect of pH, osmolality and the specific acids, alone and in various combinations, on endproducts of in vitro batch cultures of mixed ruminal bacteria.
Materials and Methods
Animals. Four ruminally fistulated crossbred (Hereford x Angus) beef steers (280 kg) served as donors of ruminal contents. These cattle were housed individually and fed once daily (0700) an amount of diet calculated to meet NRC nutritional requirements and to allow a BW gain of .7 kg/d. The diet is shown in Table 1 . Water was available ad libitum. Contents were obtained at 0830 from random sites within each steer's rumen, pooled, and combined with pooled contents from other steers as described previously (Leedle and Butine, 1987) .
Incubations. An anaerobic in vitro incubation buffer was prepared (Lowe et al., 1985) with the following modifications: a) MES (2[N-morpholino]ethanesulfonic acid a) was Alto, CA.
used as buffer, b) pH adjustments were made using 6 M HC1 or 10 N NaOH, c) osmolality was varied by adding PEG (polyethylene glycol 33506) and d) acetic and pro[)ionic acids were added as their sodium salts a. All additions were done in an anaerobic glove bag to maintain anaerobiosis. Isolation of Mixed Ruminal Bacteria. Pooled ruminal contents were blended 1:4 with anaerobic buffer while under a CO2 atmosphere. Following straining through two layers of cheesecloth, the following centrifugation scheme was performed anaerobically with supematant fluids retained for further centrifugation: 1 min at 400 x g (to remove feed particles), 3 rain at 640 x g (to remove protozoa), and 20 min at 16,000 x g (to pellet bacteria). This pellet was resuspended with anaerobic buffer and diluted to a final volume equal to the initial volume of pooled contents. While stirring constantly, 2.5 ml of the microbial suspension were dispensed into 100-ml serum flasks containing .5 g of dried ground (1 ram) feed and 22.5 ml of buffer adjusted to the experimental conditions. Flasks were gassed with CO2 and sealed with black rubber caps. Final dilution of ruminal bacteria per incubation flask was 1:10 v/v.
Incubations were performed at 390C in a rotary bath (75 rpm) for 14 h. All treatments were triplicated except for gas measurements, which were done in duplicate. Total gas was collected from each flask and measured after 8 and 14 h using a water-jacketed manometer assembly maintained at 39"C. At each time period, a gas sample was taken to determine the percent methane in the headspace gas. Flasks were removed from the water bath following the appropriate incubation and opened immediately for the determination of pHU/. Samples then were stored at -20C until analyses for VFA and osmolality.
Chemical Analyses. Volatile fatty acids were separated by gas-liquid chromatography 8 and quantified using the area ratio of each respective peak to the internal standard, 2-methylpentanoate. A silane-treated glass column (6 mm o.d. x 2 mm i.d. x 2.4 m) packed with GP 10% SP-1200/1% H3PO4 on 80/100 Chromosorb WAW was operated under the following conditions: injector temperature, 150"C; oven temperature, 135"C; detector temperature, 150"C; carder gas (N2), 61.2 ml/ min; H2, 60 ml/min; and air, 200 ml/min. Incubation media were dcprotcinized with 25% metaphosphoric acid and 10 IXl were injected on-column. Methane was measured on a gas chromatograph 9 equipped with a flame ionization detector and a stainless steel column (3.2 mm x 1.8 m) packed with silica gel 10 (80/100 mesh; grade 12). Chromatograph temperatures were: column, 115"C; injector, 115"C and detector, 120"C. Nitrogen was the carder gas at a flow rate of 33 ml/min. Methane production was calculated as the product of methane concentration in the gas phase and total gas production.
Experimental Design. The design of this experiment was a factorial design with two levels of each of the following initial treatments: osmolality (Osm; 400 and 600 mOsm), pH (5.7 and 6.7), acetic acid (Ac; 0 and 40 mM) and propionic acid (Pr; 0 and 20 mM). These conditions were selected to represent the ranges of what might be seen in situ. The experiment was replicated on each of 3 d.
Statistical Analysis. Variables of interest
were VFA production (total, acetic, propionic, butyric, valeric and isovaleric acids), pH and osmolality change from 2 to 14 h, and gas evolution (total, methane) from 2 to 8 and 8 to 14 h. All variable values are based on per incubation flask activities as described previously.
Each variable was analyzed using the model Yijk = Ix + cq + []i + Eiik where Yiik = VFA, gas, osmolality or'pH; ~i = i th replicate; I~ i = jth treatment and Eijk = error. The respecnve degrees of freedom for replicate, treatment and error were 2, 16 and 35.
Tests of the main effects and the interactions were performed so that differences were considered significant if P < .05. In addition, the relationships between methane from 2 to 8 h and methane from 8 to 14 h, and between total gas from 2 to 8 h and from 8 to 14 h, were analyzed using linear regression techniques (SAS, 1985) .
Results
Acetic Acid. The Ac production from 2 to 14 h for low initial Ac was greater for high initial Ac (.37 vs .22 mmol/flask, respectively; P = .03). In addition, production was less at 9Carl 9 Model 311, Carle lnstnaments, Inc., Anaheim, CA.
lOSupcleo, lag,, Br fonte, CA, low initial pH than at high initial pH (.14 vs .45 mmol/flask respectively; P < .01). Data are summarized in Table 2 .
Propionic Acid. Propionic acid production was greater at high initial Ac than at low initial Ac (.21 vs .14 mmol/flask, respectively; P < .05). Production was greater at low vs high initial Pr (Table 2 ; P < .01). Propionic acid production at pH 6.7 was greater than at pH 5.7, but the magnitude of the difference depended on the initial Osm (Table 2 ; pH x Osm interaction: P = .02). Within low initial pH, the difference between initial Osm means (.02 mmol/flask) was not significant (P > .05). For high initial pH, mean propionic acid production was greater when Osm was low (.35 mmol/flask) than when high (.22 mmol/ flask); however, this difference was not significant (P > .05).
Butyric Acid. Butyric acid production was greater at high initial pH than at low pH, but the magnitude of the difference between means depended on the initial level of Pr (Table 2 ; P = .01). Likewise, production at low initial Ac was less than at high Ac (P < .01). The difference between Osm means was different for low initial Pr (low to high = .01 mmol/ flask) than for high Pr (.07 mmol/flask) (Osm x Pr interaction: P = .03).
Valeric Acid. Valeric acid production was greater at high (26 lamol/flask) than at low initial pH (1 Ixmol/flask; Table 2 ; P < .01). No interactions were observed.
lsovaleric Acid. None of the treatments affected production of isovaleric acid (Table  2) .
Total VFA. Total VFA production for high pH was greater than for low initial pH (P < .01), but the magnitude of the difference depended on initial Osm (pH x Osm interaction: P = .04). At low initial pH, there were no differences between initial Osm, but for high initial pH, production was greater at low than at high initial Osm (Table 2) .
Osmolality. The osmolality change from 2 to 14 h did not differ due to any of the treatments examined in this trial. Data are summarized in Table 3 .
pH Change. The decline in pH between 2 and 14 h was greater at low pH than at high pH (P < .01), but the magnitude of the difference depended on level of acetic or propionic acids (pH x Ac and pH x Pr interactions: P < .01L At high initial pH, initial Ac did not affect pH reduction, whereas at low initial pH smaller reductions were seen in the presence of high Ac (Table 3 ). The high initial propionic acid concentration increased the decline of pH at high initial pH and reduced the decline of pH at low initial pH with nearly equal magnitude (Table 3) .
The pH at 14 h was greater at high initial pH than at low, but the magnitude of the difference depended on the level of Ac or Pr (pH • Ac and pH • Pr interactions: P < .01; Table 3 ). The 14-h pH was greater at high osmolality (5.41) than at low osmolality (5.08; P < .01).
Methane Production. Methane production between 2 and 14 h was greater at high than at low initial pH, but the magnitude of the difference depended on the level of Pr (Table  4 ; pH • Pr interaction: P = .02). Methane production was not affected by initial osmolality or acetic acid concentration, although in combination an interaction was seen (Table 4 ; Osm • Ac interaction: P = .01).
Total Gas Production. Numerous interac-
tions of the factors affecting total gas production from 2 to 14 h were observed (Table 4) . Gas production was greater at high than at low initial pH, but the magnitude of the difference depended on other factors. Notable was the greater difference between initial osmolality at high vs low initial pH (pH • Osm interaction: P < .01). A moderating effect of high initial Ac on the total gas production occurred at low initial pH (pH • Ac interaction: P < .01). The difference in total gas produced from 2 to 14 h between high and low initial pH was different for low initial Pr (13.4 ml) than for high initial Pr (11.0 ml; pH • Pr interaction: P = .03). Finally, the difference in total gas production due to osmolality was greater at low than at high acetic acid concentrations (Osm • Ac interaction: P = .02).
Temporal Gas Relationships. Linear regres-
sion techniques were used to study the relationship of gas production from 2 to 8 h and gas production from 8 to 14 h. For methane, a linear relationship was apparent from the plot (Figure la) with a slope of the fitted regression line that differed from 0 (P < .01). The equation of the line was methane (8 to 14 h) ---22 + 11 (methane from 2 to 8 h). For total gas, the slope of the fitted line differed from 0 (P < .01) and also was less than 1 (P < .01). However, a curvilinear relationship was evident from the plot ( Figure  lb .< only for comparison. A study of the residuals from the regression provided further evidence that a straight line was not sufficient to describe these data.
Dlsommlon
The objective of this study was to determine the effects of the ruminal environment on bacterial VFA production. The in vitro approach allowed rigorous control of initial pH, osmolality and concentrations of acetic and propionic acids in order to document their effects on a representative microbial population. These effects were examined independently of the animal-mediated events that occur in vivo. Initial levels of the aforementioned treatments were selected to represent those noted in situ as well as to represent conditions that would occur during intraruminal infusion of VFA.
The washed bacterial cells used in this study may not fully mimic the mixed microbial populations present in the tureen. However, the objective of this study was to examine the effects of pH, osmolality and VFA on the cells and, as such, isolation from ruminal fluid was necessary to rigorously control the conditions. Comparative relationships are of interest rather than absolute estimates of rates. Hence, extrapolation of this study's observations to in vivo events must recognize and consider the differences between these two habitats.
The influence of pH on microbial activity is well recognized. Variations of pH between 7.0 and 6.2 exert minor influence on microbial activity (Shriver et al., 1986; Slyter, 1986) . But as pH falls below 6.2, marked reductions of microbial digestion of DM (Mould and ~'skov, 1983) , cellulose and fiber (Stewart, 1977; Kincaid et al., 1981; Hoover, 1986; Robinson et al., 1986; Slyter, 1986) are observed. As pH declines further below 5, fiber digestion completely ceases (Kincaid et al., 1981; Hoover, 1986) . These pH reductions are reflected in the production of microbial products. Decreased VFA production, particularly that of acetic acid (Esdale and Satter, 1972; Erfle et al., 1982; Hoover et al., 1984; Shriver et al., 1986) and methane (Erfle et al., 1982; Strobel and Russell, 1986) , are noted, whereas propionic acid production is increased slightly with reduced pH. Reduced numbers of proteolyric microbes and their respective proteases (FMIe et al., 1982) , reduced bacterial attach-ment to fiber (Hoover, 1986) , as well as reduced ATP yield per unit of carbohydrate fermented (Strobel and Russell, 1986) , have been advanced as mechanisms mediating and observed responses to lowered pH. The effects of osmolality and acetic and propionic acid concentrations on microbial activity have not been studied in such detail and were the objective of the present study.
The present study supported the premise that pH is one of the principal environmental factors affecting the microbial production of VFA. This study extendexl our understanding of how osmolality and concentrations of acetic and propionic acids interact to impact upon bacterial activity.
Acetic acid production between 2 and 14 h of incubation was reduced by 40% at an initial pH of 5.7 and by 30% at an initial pH of 6.7 when initial acetic acid concentrations were 40 mM vs 0 raM. This may reflect an inhibition of acetic acid-producing bacteria reported to occur when acetate concentrations are elevated (l~ns and Clarke, 1980) . When compared to lower osmolality, elevated osmolality appeared to reduce the effect of lowered pH on acetic acid production.
Propionic acid production was influenced by a combination of factors. Low pH reduced propionic acid production by approximately 75% compared with high pH. At high pH, high osmolality reduced propionic acid production. A similar effect was not seen at low pH. High initial concentrations of propionic acid reduced the production of propionic acid, and the propionic acid effect was not influenced by elevated levels of other factors. High initial acetic acid concentrations enhanced propionic acid production. Selection for propionic acidproducing bacteria may occur when acetic acid-producing bacteria are inhibited by elevated acetate concentrations in vitro (Prins and Clarke, 1980) . These observations indicate that as the initial pH drops from 6.7 to 5.7, the decrease in production of acetate and propionate in an in vitro batch system is less when osmolality is high. Acetic acid inhibits its own production at higher pH but not at lower pH. Propionic acid, however, appears to inhibit its own production irrespective of pH, and elevated acetic acid concentrations appear to enhance propionate production.
Production of butyric acid was enhanced twofold in the presence of increased concentrations of acetic acid. Acetate is known to be metabolized to butyrate by ruminal anaerobes such as Butyrivibrio and Eubacterium (Gottschalk, 1986) . Therefore, the increased butyrate production in incubations containing elevated concentrations of acetate may be due to enhanced substrate availability. Reduced pH has been reported to both decrease (Erfle et al., 1982) and increase (Hoover et al., 1984; Shriver et al., 1986) butyrate production. In the present study, butyrate production generally was reduced by lower pH except when high concentrations of both acetic and propionic acids were present.
Total VFA production reflects the net effect of the individual VFA. Low pH depressed total production, whereas initial osmolality or propionic acid concentration had no effect. Conversely, a high initial pH, increased initial osmolality reduced total production by 13%, primarily via reduced production of acetic and propionic acids (by 28 and 37%, respectively). Also, at high initial pH, increased propionic acid concentrations reduced total VFA production by 19% due to reduced production of propionic acid (37% reduction). The mechanism of these effects remains unknown but may involve replacement by other end-products. The predominant influence is exerted by pH, but osmolality and propionic acid concentrations are important factors.
The reduction of pH during batch incubation can be attributed to the production of acids. However, the usefulness of final pH for comparative purposes depends on the buffering capacity of the medium which, in turn, determines the absolute pH change. In the present study, the MES buffer's pKa is 6.15, so the largest changes of pH would be expected among the low initial pH group for chemical reasons alone. The observations of Strobel and Russell (1986) derived from incubations using phosphate buffer may be biased for the same reason. Nonetheless, final pH values below 4.5 were observed, irrespective of initial pH, which documents activity of ruminal bacteria throughout the incubation period.
Production of gases was influenced greatly by pH but, again, other factors had effects. At high initial pH, methane was reduced in the presence of high initial propionate concentrations. This effect was similar to that noted for propionate on total VFA production, suggesting that overall activity of the bacterial population was reduced. The numerous inter-actions seen for total gas production do not allow assessment of whether total gas production followed the patterns seen for total VFA and methane.
Production of total gas and of methane during the 6-h period of 2 to 8 h were compared to their respective production during the subsequent 6-h period of 8 to 14 h. Methane production was linearly related with a slope of 1, suggesting that evolution of methane continues at a similar rate throughout the incubation period evaluated in this study. In contrast, total gas production between these two periods appeared curvilinear. Generally, less total gas was produced in a flask during the second 6-h period than during the first 6 h. These results indicate that the measured rates of total gas production to batch culture are not constant during a 12-h period of incubation, whereas methane production rates are reasonably constant. This observation is important where rates of total gas evolution are assessed in batch culture. Reduced gas production may be due to re-utilization of evolved carbon dioxide for bacterial metabolic activity such as methanogenesis or cessation of the bacterial fermentation before the end of the incubation period.
The present study was conducted using an in vitro batch culture technique and examined the effect of environmental factors without the competing dynamic phenomena that occur in the animal. Bacterial cultures in vivo are subjected to dilution and passage as well as to chemical features of the environment that are regulated by the animal. However, changes of dilution rate, examined using continuous ferrnenters, do not appear to affect total organic acid production (Hoover et al., 1984) , supporting turnover as a non-contributing factor to VFA production. Osmolality changes in that system were related inversely to dilution rate and directly to pH, although marked interactions were cited without further data or comment.
The results of this study indicate that bacterial production of VFA is influenced most, but not exclusively, by pH. Elevated osmolality generally reduces acid production and, to a lesser degree, elevated propionic acid concentration exerts that same effect. Both osmolality and propionic acid concentration effects are seen only at higher pH. Osmolality and propionic acid concentration effects are not seen at low pH due to the dominant effect of pH when pH is low. Regulating the ruminal pH to increase bacterial activity may be one method to optimize OM degradation, VFA production and, possibly, animal performance.
